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Abstract :- Metamaterials, metasurfaces and plasmonic devices can be used to manipulate, 
control and tailor the electromagnetic radiation in unprecedented ways. They are artificially 
constructed structures able to exhibit novel functionalities not available in materials provided by 
nature. Their properties can lead to the design of exciting structures, such as invisible cloaks and 
ultrathin energy concentrators. However, these novel devices often suffer from intrinsic physical 
limitations, such as extremely narrowband operation, high losses, weak optical nonlinear 
response, low tunability and poor reconfigurable operation. In my talk, I will propose several 
ways to overcome these inherent limitations, based on the introduction of tunable, active and 
nonlinear media. The large field enhancement in the vicinity of individual and collections of 
plasmonic nanoparticles and inside metamaterial gratings ensures a significant boosting of 
nonlinear optical effects, which can lead to ultrathin optical frequency mixers, tunable optical 
sensors and filters, all-optical switches and nano-memories. I will also present a new ultrathin 
nonlinear metasurface reflector, or meta-mirror, with giant nonlinear response, a million times 
stronger compared to traditional nonlinear materials. Finally, I will discuss recent theoretical and 
experimental advances towards demonstrating large enhancement of spontaneous emission rates 
of molecules and quantum dots embedded in plasmonic patch nanoantennas. The experimental 
demonstration of Purcell factors ~1,000 will be reported, while maintaining high quantum 
efficiency and directional emission. 


Keywords: Metamaterials, metasurfaces, plasmonics, nanoantennas, non-linear optics, second 
harmonic generation, optical bistability, Purcell enhancement 
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Matter couples weakly to light 


Weak linear absorption Non-directional spontaneous 
mem emission 
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One Example: Nonlinear Optics 
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Lasers, nonlinear in and optical computers 
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Department of Physics, Heriot- Watt University, Edinburgh EH14 4AS, UK 


Devices whose optica properties "m with light intensity have opened m path towards the optical 
computer. Optical switches and signals can now undertake all binary logic operations and complete 
optical digital circuits have been constructed. 
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i second harmonic wave 


original photon 
(“pump wave") 
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Cavity laser light source non-linear crystal 
resonance 


prism residual wave 
P. A. Franken, et. al., Phys. Rev. Lett. 7, 118 (1961) 
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Nonlinear optical effects: 
Weak mechanisms. 
E ¢ Poor field enhancement inside 
= elongated and bulky Fabry-Perot 
Fig. I The dynamics of switching in a Fabry-Perot etalon (see resonators. INI 


text for explanation of individual diagrams). 
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Strategies for enhancing light-matter interactions 


High-Q microcavities 


Field enhancement due to confined mode, 
resonant with absorber/emitter 





9. 
Quantum dot 


PL intensity (a.u) 





Hennessy et al., Nature 445, 896 (2007) 
Englund et al., PRL 95, 013904 (2005) Time (ns) 
Chang et al., PRL 96, 117401 (2006). 


some limitations: 
¢ Modest radiative rate enhancements (~10) 
e Requires precise fab to match emitter resonance 
* [ncompatible with broadband, room temp emitters 














Surface plasmons 
Propagating surface plasmons 





Coherent electron 
oscillations at metal- 
dielectric 1nterface 













Dielectric 


Plasmon wavelength is 
small , o 
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Localized surface plasmons Large a 
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Enhanced optical effects: 
* Absorption 


¢ Spontaneous emission 
* Nonlinear generation 
* Raman scattering 

Lu et al., Annu. Rev. Phys. Chem. 2009, 60, 167—192. CM 












Plasmonic nanoantennas to enhance light-matter interactions 
Transmitter 


Receiver 


Schuck et al., Phys. Rev. Lett. 94, 
017402 (2005) 
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Electric field (a.u.) 





Optical Nanocircuits and Nanoantennas 


* The recent concept of metactronics extends the well-established microwave 
engineering ideas to optical frequencies. 


e Metal and dielectric particles at optical frequencies act, respectively, as lumped 
nanoinductors and nanocapacitors. 
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Matching, loading, radiation and frequency 


02 tuning by nanocircuit lumped elements. 






Alü, Engheta, Nature Photonics 2, 307 (2008) 


N. Engheta, A. Salandrino, A. Alu, Phys. Rev. Lett., 95, 095504 (2005) 
N. Eneheta. Science. 1133268. 1698 
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Optical Nonlinear Nanodipoles 
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* Robust, efficient and flexible tunability 
and tailoring of the scattering response. 
* Relative enhanced nonlinear operation. 
* Moderate optical bistability and 
switching effects. 
* Novel all-optical nanodevices (memory, 
ll-optical switching, optical transphasor "c E 
on & Op P > 1000 1050 1000 1020 1040 1060 1080 1100 
logical cell). A [nm] ^ [nm] 
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P.-Y. Chen, C. Argyropoulos, and A. Alu, “Enhanced Nonlinearities Using Plasmonic 
Nanoantennas”, Nanophotonics, vol. 1, no. 3-4, pp. 221-233, 2012 





Plasmonic metasurfaces loaded with nonlinear elements 


Transmission, Absorption 
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P.-Y. Chen, A. Alu, Phys. Rev. B, 82, 235405 (2010) 








Materials with £-near-zero (ENZ) properties 







The fascinating properties of z-near-zero materials 


Source Tailoring 









Plasmonic — Directivity Enhancement Ee 
me g l B | 
I I I ll M W 


















| 
guai 
T -B.ü 
n -B. 15 
i -8.8819g3 94 
E -8.8a734 Å (2007) 
| [ 2B. BE 75 









EMEN (8.88735 
E | | 
M | | 
B 
11V. LI] ME | 
| TE | | | Y d E f i = i å 1 | 
ENSE |||! 1 | og  »" | 
a Di | 2] E || 
» \| M ie NU | | 
ra å | | | In f | | il | | i | | 
| ^ | | | LH S 
| | kl 











A. Ali, E Faint Phys. A. Alü, et al., IEEE TAP 54, 
Rev. E 72, 016623 (2005) 1632 (2006) 





Materials with £-near-zero (ENZ) properties 
Array of Plasmonic Channels 
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C. Argyropoulos et al, Phys. Rev. B, 85, 045129, 2012 





Materials with £-near-zero (ENZ) properties 
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Still high input intensities required 
C. Argyropoulos et al, Phys. Rev. B, 85, 045129, 2012 
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C. Argyropoulos et al, Phys. Rev. B 89, 235401, 2014 
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Infinite Coherence Length 
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Platforms to enhance light-matter interactions 


Enhanced second-order 
nonlinearities 
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(Purcell effect) of molecules 





Highly Nonlinear Metasurface 


Plasmonic metasurfaces + Nonlinear multi-quantum well 


(Metamaterial reflector)+(Quantum-engineered nonlinear medium) 
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J. Lee, M. Tymchenko, C. Argyropoulos et al., Nature 511, 65—69, 2014 


Nonlinear multi-quantum well 


Quantum-engineering electronic 


Nonlinear susceptibility 


intersubband transitions 
Al, 4g1Ny s>As(barrier)/In, ;4Ga, ,;As(well) 
Total 400nm thick, 19 repetitions 3 orders of 
magnitude larger 
than natural 
optical materials 
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Device structure and design 
^ lop structure design 
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Simulation Results 
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Optimized design for strong E, overlap at FF and 5H 





J. Lee, M. Tymchenko, C. Argyropoulos et al., Nature 511, 65—69, 2014 





Highly Nonlinear Metasurface 





Effective second-order nonlinear surface susceptibility 
Calculated based on the Lorentz reciprocity theorem 
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Experimental results 
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e SHG power for four polarization combinations was measured 
* Highest SHG efficiency was achieved for yyy polarization 
* Maximum SHG efficiency at input pump wavenumber 1240cm'! 









Highly Nonlinear Metasurface 


Plasmonic metasurfaces + Nonlinear multi-quantum well 
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Platforms to enhance light-matter interactions 
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Problems with nanoantennas to enhance light-matter interactions 


Largest field enhancements occur in «10 nm gaps between metals 
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Acimovic, et al., ACS Nano 3, 1232 (2009). 


Challenges of plasmonic gaps: 
Kim et al., Nature 453, 757 (2008) i small Sop > (< 10 nm) difficult to 
Kinkhabwala et al., Nat. Phot. 3, 654 (2009) | define with lithography 
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Need system with gap dimensions controlled on the nanometer scale 





Nanoscale patch antenna 


Vertically defined nanoscale gap 
Allows for (sub)nanometer control of metal gaps 


a i å n | 


— ——! 


^ 





(, 


[ nanoscale gap 


metal 


Challenge: Top-down fabrication will have rough features NÍ 
What is the fabrication strategy? 





Colloidally-synthesized silver nanocubes 
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Nanocubes form by reduction of 
AgG,F,0, 


2.5 hour reaction, 150C Re-suspend in water 
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Reproducible and robust fab process 





— 90 nm 
Yugang Sun, Younan Xia, Science 298, 2176 (2002) num 
Zhang, Q. et. al. Chemistry 16, 10254 (2010) 


Bottom-up fabrication of nanoscale gaps 


3 nm Vertical gap allows 


— (sub)nanometer control 
74 nm ||| Ag | using: 
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Optically active materials can 
be readily integrated: 
* Nonlinear Materials 
* Molecules 
» * Quantum dots 
(8 AND INTEGRATED PLASMONCS * Chalcogenides 
Moreau et al., Nature (2012) e 2D materials, other... 





Large field enhancements 
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Fundamental and higher-order resonances 
Other resonances of the nanopatch 


Scattering (a. u.) 
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Lassiter et al., Nano Letters (2013) 


Tunability of nanopatch resonance 


Tuning the gap thickness: Tuning the nanocube size: 
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Lassiter et al., Nano Letters (2013). 


Resonance (nm) 


System allows for 
nanometer precision 
control of resonance 
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Directional emission at fundamental 


resonance Radiation pattern of nanopatch antenna 
Theory 


Single lobe directional emission 
normal to surface 


Radiation pattern measured using 
Fourier space imaging 


84% collection efficiency with 
NA=0.9 objective 
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Platforms to enhance light-matter interactions 
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/ Emission rate enhancement 


(Purcell effect) of molecules 


Emitters in nanogap: absorption enhancement 


What happens when emitters are coupled to the nanogap? 


(1) Local field enhancement a Onm H 
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Simulations are done in 
COMSOL based on finite 
element 


Maximum excitation 
enhancement of -10,000 
when on resonance with 

fundamental mode 





Rose et al., Nano Lett., 14, 4797 (2014) 


Emitters in nanogap: Purcell enhancement 
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emission rate ae. Radiating dipoles 
ocube 
enhancement nanocube 


Parcel) 968659000099900088 Í Gap ~ snm 
(n. f) c fi Im| Gr,r) |-f Au film 


0 
Ye Yep Quantum yield 


fa dra 


0.5547 i å 
0.45 4 

0.4 4. 

0.35 


Enhancement of spontaneous 


o. : Quantum yield determined by plasmonic 
emission rate 1n 8 nm gap 


properties, not internal decay rate 





Effectively reduced quenching from metal losses using engineered structure 


Spontaneous emission rate calculations from simulations 








5 


Emission 


Gog 





Ru dye., | Ag A 
à E. m t 





glass 





























20 or r)]-å)|pl 
QC Point-dipole emitters are placed 


m[G(r,r)] = mi inside the nanogap and excite the 
Vap HoP nanocube. 
p=1C/m Dipole moment T hey radiate at nanoantenna 


resonance A = 650 nm 
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Fluorescence enhancement factor 


What is the fluorescence intensity of a molecule 
in the nanogap relative to glass? 
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Nanoscale fabrication 
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Measuring individual nanocubes 
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Fluorescence intensity enhancement 
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enhancements » 30,000 
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* Relative agreement 3 550 600 | ex 650 
: : : nanopatch resonance, I o (nm) 
with simulation 


Cy5 emission 


I 
I 
| 
I 
l 
I 
f 
af 
I 
K 
I 
I 
I 
I 
I 
I 
l 
i 
I 
| 
l 
I 
I 
i 
I 
I 
l 
I 
1 





Rose et al., Nano Lett., 14, 4797 (2014) 





Enhancing the fluorescence rate 






* Fluorescence lifetimes measured 
from ensemble of nanopatches 









Excitation: 80 MHz Ti:Sapphire 
laser at 632 nm. 

Detection: fast-timing APD and 
time-correlated single-photon 
counting module. 









fluorescence intensity (norm.) 


74-fold reduction in lifetime vs. 
glass - limited by detector 







timeYns) 








Cy5 over glass 





No cubes: fluorescence intensity reduced ~20x 


Cubes: fluorescence intensity enhanced ~30,000x 
Emission lifetime is detector limited 






How large is the real enhancement 
in spontaneous emission rate? 

















Platforms to enhance light-matter interactions 
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Emission rate enhancement 
(Purcell effect) of molecules 


What is the maximum Purcell factor? 


Overcome detector resolution by using a dye with a long intrinsic lifetime 


Intrinsic fluorescence of Ru dye 


Ruthenium metal complex dye: 


* Long intrinsic lifetime 
* Large separation between 
2 absorption and emission 
Time (ns) * Good photostability 


Ru dye molecules Ag 
nanocube 


3 nm PVP coating] 
2-12 nm 
PAH/PSS polymer 
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Au film 
scattering 
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istae AU Akselrod, Argyropoulos et al., Nat. Phot. 8, 835—840, 2014 


Electric field calculations from simulations 
Electric field components at excitation wavelength A4,, —535 nm 


(a) IE, /E,| (b) E, /E,| (c) IE, 1E,| 


Always plane wave excitation in these simulations 
Dominant electric field component at resonance 2=650 nm 
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Akselrod, Argyropoulos et al., Nat. Phot. 8, 535—840, 2014 


Ag nanocube 










Spontaneous emission enhancement 
Maximum Purcell factor of 


max / 9 — 960 


Not detector limited Sp 













BUT, simulations 
predict much larger 
Purcell factors! 
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How are dipoles are oriented in the 


nanogap? =>ø 
Ep 


Angle of E 
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Coupling to gap plasmon . incidence 
mode depends strongly on A 
orientation of transition 
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Emitted intensity: — *"sson term 
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Excitation term § Angular distribution of emitters 
This is what we need to solve for 





Barritault et al., Appl. Opt. (2002) 














Distribution of dipole orientations 


Simultaneous fit all 6 of the measured 


angular profiles: Dipole orientation distribution 
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Most molecules are lying flat in the gap 
Not optimally coupled 


Normalized emission 
Normalized emission 





Observation angle (deg) 
O pg = 22 deg O ps = 58 deg 
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Ru dye molecules 





3 nm PVP coating] 
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PAH/PSS polymer | 
Au film 





Normalized emission 
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Incidence angle (dec Incidence angle (deg) 


Distribution of emission rates 


Variation in field Dipole orientation | -2 nm distribution of 
under single cube distribution emitters inside gap 
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Simulations of decay dynamics include all three effects... 
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Distribution of emission rates 


Distribution of emission rates: 
Time-resolved fluorescence: Most likely Max decay: 


(8 nm gap) Intrinsic decay decay: lO ns — 0.7 ns, 860x enh. 
600 ns ~60x enhancement 
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Ru dye on glass 
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Ru dye inNPA — Experiment 
8 nm gap 
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Simulations incorporating these effects > describes observed behavior 
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Emission decay calculations from simulations 


I (r, O, t) oc IE, (r)- âl y .(r)e ^" TV Emitted power at an arbitrary position r 


Only the field components oriented along 
the z-axis radiate significantly 


^ ^ 2 
v (r,n)= v (r,Z)cos 


7$, =1/600 ns 


Distribution of emitter orientations: 
C OSep| C 2 7| 


Averaged emitted power over 
all directions: 
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Gap size dependence | GE) 
Gap size nanocube 
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Lifetime can be tuned by 
nanoscale control of gap 
thickness 


Key question: 


Metal nanocavities are 
typically lossy, so... 


Are the reduced lifetimes 
due to non-radiative 
quenching or radiative 


enhancement ? 
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Average fluorescence enhancement factor 
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simulated simulated and measured 
excitation enhancement — quantum yield enhancement factor 
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Measured «EF» agrees with simulations 


5 
Radiative quantum yield is high (~0.5), as predicted 


Akselrod, Argyropoulos et al., Nat. Phot. 8, 835—840, 2014 


Gap size dependence 


6 Exp. 
Maximum radiative 


rate enhancement 
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~1000-fold enhancement of Rate enhancements are 


radiative rate due to high tunable by nanoscale control 


radiative efficienc of gap size 
Akselrod, Argyropoulos et al., Nat. Phot. 8, 835—840, 2014 





Conclusions 


Nonlinear metasurface coupled Plasmonic nanopatch antenna 
to multi-quantum well based on colloidal nanocubes 


Flat nonlinear optics paradigm High radiative quantum yield 
Directional emission (ultrafast 


Efficient frequency mixing LED ] ) 
, nanolaser 


over subwavelength films 


Efficient nonlinear operation 
with low intensities xIMW/cm^ 


30,000X fluorescence EE. 
High conversion efficiency intensity enhancement C 3 
using very low pump intensity 


significantly relaxed 
phase-matching conditions 


-1000X Purcell enhancement 
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